INTRODUCTION
De ciency of acid α-glucosidase (GAA), a lysosomal enzyme responsible for degradation of glycogen is a prominent pathological signature of the type of muscular dystrophy associated with Pompe disease. e early onset or severe form of Pompe disease is associated with complete GAA de ciency, and untreated infants o en succumb to cardiorespiratory failure within the rst year. 1, 2 Juvenile and adult onset forms of the disease are characterized by reduced GAA activity and progressive respiratory failure. 3 Although motor problems in Pompe disease have historically been attributed to muscular pathology, 4 glycogen accumulation in the central nervous system (CNS) has been documented in Pompe tissues [5] [6] [7] [8] [9] [10] and in various Pompe animal models. 5, 11, 12 Clinical Pompe case reports also highlight the involvement of the CNS in motor 10, [13] [14] [15] [16] [17] and possibly cognitive de ciencies. 18 In addition, the potential contribution of the CNS to respiratory motor dysfunction has been raised by a few recent reports. 5, 12, 17 We recently reported that a transgenic mouse model of Pompe Disease (the Gaa −/− mouse) 19 demonstrates glycogen accumulation in phrenic motoneurons, which innervate the diaphragm (i.e., the major muscle of inspiration) and reduction in ventilation. 5 Additional histological and biochemical studies of tissue obtained from a Pompe patient who su ered progressive ventilatory insu ciency revealed pathology in putative phrenic motoneurons and extensive glycogen accumulation in the spinal cord. 5 e potential for a neural substrate contribution to respiratory insu ciency in Pompe disease raises considerations about the current clinical approach involving enzyme replacement by intravenous delivery. at strategy does not lend to CNS treatment since the recombinant GAA enzyme does not cross the blood-brain-barrier. 20, 21 Accordingly, Pompe patients undergoing enzyme replacement therapy would continue being at risk for developing motor dysfunctions. 22, 23 We reasoned that targeted gene delivery to the cervical spinal cord through intraspinal injection in Gaa −/− mice could provide insights into the potential contribution of CNS neuropathology to respiratory dysfunction. erefore, we wished to determine if direct spinal injection of adeno-associated virus (AAV) encoding GAA would restore spinal GAA enzyme activity and whether such improvements would result in enhanced ventilation in adult Gaa −/− mice. e results of this study are consistent with the overall hypothesis that CNS pathology contributes to ventilatory dysfunction in Gaa −/− mice, and by extension, Pompe disease.
(i.e., >1 × 10 7 genome copies/µg of genomic DNA) were detected in the cervical spinal cord at or near the site of injection (C 3 -C 8 ). Similarly robust levels were detected in spinal segments adjacent (C 1 -C 2 ) or close to the injection (T 1 -T 5 ). Much lower levels of vector genome copies (~1 × 10 5 genome copies/µg of genomic DNA) were detected in the medulla and at low thoracic and lumbar spinal levels, and AAV vector genomes were not detected in the diaphragm muscle. is is particularly important since it suggests that the altered ventilation following spinal cord injection in Gaa −/− mice (see below) resulted from transduction and restoration of GAA activity in the CNS but not the respiratory muscles.
A previous study described in detail the distribution of green uorescent protein (GFP) expression following AAV5-GFP injection into the cervical spinal cord including both anterograde and retrograde transport properties. 24 In the present study, the primary purpose of the AAV5-GFP injections was to con rm AAV transduction of the region of the phrenic motor nucleus. GFP transduction was not exclusive to the ventral horn and expression was noted in neurons in both the intermediate and ventral cervical gray matter. However, GFP expression was most robust at the site of injection (i.e., the ventral horn) and there was consistent transduction in the vicinity of the phrenic motor nucleus (Figure 1b,c) .
e neurons shown in Figure 1b are consistent with the appearance of phrenic motoneurons as evidenced by their distinctive location and the tight clustering of the cell bodies. 25 GFP labeling also was noted in ventral root axons indicating anterograde transport 26 ( Figure 1c) .
Intraspinal injection of AAV5-GAA restores GAA enzyme activity En bloc segments of the cervical (C 3 -C 5 ) and thoracic (T 5 -T 8 ) spinal cord were harvested 4 weeks a er spinal injection and GAA enzyme activity was assayed (Figure 2a) . As expected, 19 GAA enzyme activity was negligible in Gaa −/− mice injected with AAV5-GFP. In contrast, spinal cords harvested a er AAV5-GAA injection showed GAA activity levels that were comparable to values obtained from B6/129 mouse spinal cords. Indeed, evaluation of GAA activity using two-way analysis of variance revealed a very robust treatment e ect (P < 0.001; Figure 2a ). e normalization of GAA activity was not observed at more caudal spinal cord levels. Speci cally, −/− mice receiving AAV5-GFP. In b and c, the area indicated by the box in the left image is presented at a higher magnification in the image immediately to the right. *P < 0.05 vs. corresponding AAV-GFP data point; **P < 0.05 vs. corresponding AAV-GFP and AAV5-GAA data points; Bars: 100 µm (lower power) and 50 µm (higher power).
GAA activity in lower thoracic segments (T 5 -T 8 ) was minimal in both sham injected (AAV5-GFP) and AAV5-GAA treated Gaa −/− mice (Figure 2a) . e biochemical assessment of GAA activity was supplemented with spinal cord immunohistochemistry to visualize enzyme distribution. Gaa −/− mice that had received AAV5-GAA injections showed GAA positive neurons in the region of the phrenic motor nucleus (cervical laminae IX) and also in interneurons 27, 28 including cervical laminae VIII and VII (Figure 2b) . GAA immunostaining was not detected in cervical or thoracic cords from Gaa −/− mice injected with AAV5-GFP (Figure 2c) .
In other experiments, spinal cords were stained with the periodic acid Schi (PAS) method to assess glycogen reaction product 29 ( Figure 3) . Two prior reports have established that PAS staining is robust in neurons throughout the ventral spinal cord in Pompe mice. 5, 12 We found that PAS staining was absent or minimal at or near the site of spinal cord AAV5-GAA injection (Figure 3a,b) .
e lack of PAS staining suggests that neuronal glycogen storage was eliminated or reduced. In contrast, control regions in the thoracic spinal cord that were more distant from the injection site remained PAS positive (Figure 3c,d ) and showed evidence of neuropathology consistent with prior reports in untreated Pompe mouse models.
5,12
Enhanced ventilation in Gaa −/− mice following intraspinal AAV5-GAA injection Ventilation was quanti ed during quiet, normoxic breathing (baseline), and a hypercapnic respiratory challenge (7% inspired CO 2 ) in unanesthetized mice using whole-body plethysmography (e.g., Figure 4a ). Ventilation was measured at 1, 2, and 4 months post-AAV injection in Gaa −/− mice to test the hypothesis that inspiratory tidal volume would be greater following injection of AAV5-GAA versus AAV5-GFP. During the baseline condition (Figure 4b , le panels), breathing frequency (breaths/min) was similar between groups (P = 0.152), and did not change across 
Figure 4 Ventilation in Gaa
−/− mice after AAV injection. Inspiratory frequency (breaths/min), tidal volume (ml/breath), and inspired minute ventilation (ml/min) were measured at intervals following spinal AAV injection in unanesthetized mice using whole-body plethysmography. (a) Representative airflow traces during quiet breathing (baseline conditions of 21% O 2 with balance of N 2 ) and a hypercapnic respiratory challenge (7% inspired CO 2 ) are shown. Expanded traces in the lower portion of a are provided to illustrate individual breaths.Bars on the airflow traces are in ml/sec. (b) Group average ventilation data during baseline (left panels) and hypercapnic respiratory challenge (right panels) in Gaa −/− mice injected with AAV5-GAA (dashed lines) or AAV-GFP (solid lines), and B6/129 control mice (square symbol). Small but statistically significant differences in tidal volume and minute ventilation between AAV5-GAA vs. AAV5-GFP injected Gaa −/− mice were noted at baseline. More robust differences between these groups were seen during the hypercapnic respiratory challenge. *Indicates a significant overall difference between AAV5-GFP and AAV5-GAA injected Gaa −/− mice (twoway analysis of variance); ‡ Indicates that the data point is significantly greater than corresponding AAV5-GFP data point.
time points (P = 0.887). However, mice treated with the AAV5-GAA had a small but statistically signi cant increase in baseline tidal volume (P = 0.021). Baseline tidal volume, however, did not di er across the three time points (P = 0.870). e elevated tidal volume a er AAV5-GAA injection was associated with increases in the baseline minute ventilation of ~20% (P = 0.006). Minute ventilation was not di erent across time postinjection (P = 0.994). It should be noted that this change in ventilation has the potential to cause signi cant physiological changes in arterial blood gases during baseline breathing. 30 Lastly, the baseline ventilation measured in AAV5-GAA injected Gaa −/− mice at 4 months postinjection was not di erent than values obtained from age-matched B6/129 mice (Figure 4b , le panels, P = 0.15).
Di erences in the overall pattern of breathing between AAV5-GFP versus AAV5-GAA injected mice were more prominent when the overall level of respiratory drive was increased by exposure to hypercapnia (Figure 4b, right panels) . Indeed, both hypercapnic breathing frequency (P = 0.014) and tidal volume (P = 0.002) were greater in mice injected with AAV5-GAA. Hypercapnic minute ventilation also was greater in AAV5-GAA injected mice (P < 0.001). However, none of these variables showed a statistically signi cant di erence across time postinjection (all P > 0.272). us, consistent with the biochemical GAA activity data (Figure 2a) , the impact of the AAV5-GAA injection on ventilation was evident by 1 month postinjection and maintained over the next several months. e hypercapnic ventilation data also were normalized to the baseline output (%baseline). With this approach, no di erences between AAV5-GAA versus. AAV5-GFP treated mice were noted in hypercapnic frequency (P = 0.379), tidal volume (P = 0.154), or ventilation (P = 0.218). is observation suggests that both groups of mice were able to respond to the respiratory challenge in a similar fashion, but the AAV5-GAA treated mice could achieve a higher absolute respiratory output. Ventilation during hypercapnia in Gaa −/− mice injected with AAV5-GAA was not di erent from ventilation measured in age-matched B6/129 mice (Figure 4b , right panels, P = 0.67).
DISCUSSION
ese results contribute to the emerging body of evidence that neuropathology is a functionally relevant aspect of Pompe disease. Our most signi cant nding is that AAV5-GAA can mitigate glycogen accumulation in the spinal cord and reduce respiratory de cits in Gaa −/− mice. Indeed, intraspinal injection of AAV5-GAA to Pompe (Gaa −/− ) mice restored spinal GAA enzyme activity comparable to control tissue levels. Moreover, intraspinal gene delivery 24, 31 was associated with enhanced ventilation despite the continued absence of GAA activity in the diaphragm muscle. Accordingly, our results support the hypothesis that CNS GAA de ciency impairs respiratory function, due to reduced respiratory motoneuron output. 5 We suggest that therapies targeting both the CNS and skeletal muscle may be necessary to treat respiratory-related dysfunction in Pompe disease. 5, 32, 33 CNS pathology in Pompe disease and animal models e progressive respiratory failure associated with Pompe disease has been attributed to respiratory muscle dysfunction. 34, 35 Indeed, skeletal muscle pathology is evident in animal Pompe models 32, 36, 37 and both pediatric and adult Pompe patients. 1, 38 Moreover, computed tomography imaging of the diaphragm in children with Pompe disease indicates a reduction in the overall mass of the diaphragm (B.J. Byrne, unpublished results). Gaa −/− mice have both attenuated ventilation and reduced diaphragm muscle contractility. 5, 39, 33 While impaired muscle function certainly contributes to respiratory insu ciency in Pompe disease, skeletal muscle obviously cannot function correctly without appropriate motoneuron input. e current data support the concept that motor de cits in Pompe disease are a signi cant part of the observed respiratory insu ciency. 5, 8, [10] [11] [12] 14, 17, 33 In this regard, there have been a few clinical case reports suggesting an involvement of the CNS in motor 10,13-16 and possibly cognitive de ciencies. 40 In particular, reports of impaired or absent spinal re exes in Pompe patients 10, 14 are consistent with dysfunction in spinal circuits.
5,10
Pompe animal models also show considerable glycogen accumulation in the CNS. 12 Similarly, we previously described glycogen accumulation in the cervical spinal cord and in retrogradely identi ed phrenic motoneurons in the Gaa −/− mouse model. 5 ese ndings, along with the current data, are consistent with the hypothesis that Pompe respiratory de cits have spinal 5 and possibly a supraspinal component. 41 Following intraspinal injection, the highest expression of AAV was seen in the cervical spinal cord including the region containing the phrenic motor nucleus (i.e., C 3 -C 6 ). 28 e AAV5-GAA injection resulted in normalized spinal cord GAA activity and reduction in spinal PAS staining when assessed 1 month postinjection. Prior work suggests that AAV supports prolonged and possibly even permanent transgene expression following delivery to the CNS. 42, 43 Accordingly, we hypothesize that the apparent reduction in spinal cord glycogen accumulation and associated neuropathology noted in our study lead to sustained increased phrenic motor output and improved ventilation. AAV vector genomes could be detected along the neuraxis, although we cannot de nitively say if this re ects axonal transport 24 or di usion from the injection site. Speci cally, we found evidence for AAV transduction, albeit at reduced levels, in both the medulla and the thoracic spinal cord. It is, therefore, possible that the function of both the respiratory intercostal motoneurons and interneurons (thoracic spinal cord) and/or medullary respiratory control neurons and/or networks were in uenced by the cervical spinal AAV injection. Medullary dysfunction is possible in Gaa −/− mice since we recently observed altered XII nerve output and increased variance in the timing of the respiratory cycle in these mice. 41 Accordingly, brainstem glycogen accumulation may directly alter function of the respiratory control circuitry (versus motoneuron dysfunction).
Significance
Current treatment by enzyme replacement therapy has been responsible for improving the overall survival in early onset Pompe disease. 44 For example, the 18 months survival rate of Pompe infants receiving systemic enzyme replacement therapy (ERT) is dramatically increased compared to historical control patients. 1 However, variability in the success of ERT has been noted, 45 and the long-term survival rates and motor function capabilities of patients on ERT have not been carefully evaluated. In this regard, it is interesting that Muller and colleagues found that Pompe children on ERT are at high risk for developing speech disorders. 23 ese authors speculated that this could re ect lower motoneuron involvement which will not be e ectively targeted by ERT because recombinant GAA enzyme does not e ectively cross the bloodbrain-barrier. 20, 21 Similarly, Burrow et al. 17 recently described a 2-year-old Pompe child who a er 19 months of ERT showed "acute worsening of weakness, particularly of the extremities and diaphragm". ese authors noted that their Pompe case report "o ers strong evidence that storage in the nervous system can lead to a loss of motor neurons and to neuropathic weakness". Lastly, Rohrbach and colleagues reported that ERT e ectively delayed the muscular progression of a Pompe infant over a 44 months period, but neurological symptoms including impaired language development remained. 40 Rohrbach et al. comment on the "importance of close neurological follow-up" in Pompe patients receiving ERT.
us, much evidence supports the view that intravenous GAA delivery may target cardiac and skeletal muscle, 46 ,47 but will not e ectively mitigate CNS glycogen accumulation.
is point is highlighted by our recent study in which an infant with Pompe disease had received ERT from a few months of age and showed considerable glycogen accumulation in the cervical spinal cord on postmortem examination. 5 Based on the current data and both recent 5, 12, 17, 18, 23 and historical reports, 6, 7, 14 we hypothesize that therapy targeting both skeletal muscle and the CNS may be required to fully correct respiratoryrelated de cits. It also is important to emphasize that in the face of generalized weakness, the associated problems of diminished pharyngeal tone, limited secretion clearance, and ine ective cough all culminate in respiratory failure. New therapeutic options in Pompe disease could target a reduction in CNS glycogen storage or could provide a means of pharmacologically activating endogenous gene products. Another promising method to restore GAA activity to both muscle and neuronal tissue will be the use of AAV for gene transfer to muscle coupled with retrograde gene delivery to motor neurons. 39 Recently, an open label, Phase I/II study administering rAAV2/1-CMV-hGAA to the diaphragm by direct intramuscular injection has been initiated in children with Pompe disease (ClinicalTrials.gov Identi er: NCT00976352). e study is designed to target those on assisted ventilation with the most life-threatening complication of Pompe disease following partial e ectiveness of ERT. Additional AAV serotypes which are potentially capable of more robust retrograde transduction (i.e., muscle-to-motoneuron) may be candidates for future studies. Clinical application of gene transfer strategies, alone or in combination with ERT, may provide an important advancement in treatment of Pompe disease.
MATERIALS AND METHODS

Animals. B6/129 (N = 19) and Gaa
−/− mice (N = 66) were used in this work, and the University of Florida's Institutional Animal Care and Use Committee approved all procedures. At the time of spinal cord injection, Gaa −/− mice given AAV5-GAA were 174 ± 3 days old and Gaa −/− mice injected with AAV5-GFP were of similar age (167 ± 14 days). e Gaa −/− mouse was generated by disruption of exon 6 and maintained on a C57BL/6× 129X1/SvJ backgroundv as described previously. 5, 19 e B6/129 mice were originally obtained from Taconic (Hudson, NY) and then maintained at the University of Florida.
AAV vectors. e spinal cord was injected (see below) with AAV vectors that included single-stranded AAV5-Chicken β-actin 300 bp deletion-GAA (AAV5-CBAd300-GAA) (4.22 × 10 13 vg/ml) or single-stranded AAV5-CBA-GFP (4.5 × 10 13 vg/ml). A total of 35 Gaa −/− mice received AAV5-GAA and 31 Gaa −/− mice received AAV5-GFP. All vectors were generated and titered at the University of Florida Powell Gene erapy Center Vector Core Lab using previously published methods. 48 Vectors were puri ed by iodixanol gradient centrifugation and anion-exchange chromatography as described in detail by Zolotukhin et al. 48 Final formulations of AAV5-CBAd300-GAA and AAV5-CBA-GFP vectors were in lactated ringer's.
Spinal cord injection. Mice were anesthetized with inhaled iso urane (2-3% in O 2 ) and then placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Anesthesia was maintained via a nose cone throughout the surgical procedure. e cervical vertebral column was then exposed and a laminectomy was performed over the C 3 -C 4 segments. Following a dural incision, spinal injections were made using glass micropipettes (tip diameter ~50 µm) and a pressure microinjection system (Picospritzer 2; ParkerHanni n, Cleveland, OH). Injections were targeted to the phrenic motor nucleus based on our prior anatomical description. 25 Brie y, 2-3 bilateral, 0.5 µl injections were made 0.7 mm lateral to the spinal midline at a depth of 0.9-1.0 mm from the dorsal surface of the spinal cord. e surgical site was then closed and mice were given buprenorphine at ~12-hour intervals for 36 hours (0.1 mg/kg, intraperitoneally).
Genomic DNA extraction and real-time PCR. PCR was used to measure the distribution of AAV genomes from AAV5-GAA at 4 weeks following cervical spinal AAV injection in Gaa −/− mice (N = 3), and also to genotype a subset of the Gaa −/− mice. At 1 month postspinal AAV injection, tissues were harvested in a manner that prevented cross-contamination, snap frozen in liquid nitrogen and stored at −80 °C until genomic DNA (gDNA) was extracted. gDNA was isolated using a DNeasy blood and tissue kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. gDNA concentrations were determined using an Eppendorf Biophotometer (Eppendorf, Hamburg, Germany). AAV genome copies in the gDNA were quanti ed by real-time PCR using an ABI 7900 HT sequence detection system (Applied Biosystems, Carlsbad, CA) according to the manufacturer's instructions and results were analyzed using the SDS 2.3 so ware. Brie y, primers and probe were designed to the SV40 poly-A region of the AAV vector as previously described. 32 A standard curve was performed using plasmid DNA containing the same SV40 poly-A target sequence. PCR reactions contained a total volume of 100 μl and were run at the following conditions: 50 °C for 2 minutes, 95 °C for 10 minutes, and 45 cycles of 95 °C for 15 seconds and 60 °C for 1 minute.
DNA samples were assayed in triplicate. In order to assess PCR inhibition, the third replicate was spiked with plasmid DNA at a ratio of 100 copies/μg gDNA. If this replicate was greater than 40 copies/μg gDNA then the results were considered acceptable. If a sample contained greater than or equal to 100 copies/μg gDNA it was considered positive for vector genomes. If a sample contained less than 100 copies/μg gDNA it was considered negative for vector genomes. If less than 1 μg of gDNA was analyzed to avoid PCR inhibition, the vector copy number reported was normalized per μg gDNA and the plasmid spike-in was reduced to maintain the ratio of 100 copies/μg gDNA. Gaa −/− genotyping was done to con rm the absence of Gaa as described previously. 19, 39 Brie y, DNA was isolated from tail snips and ampli ed using primers to exons 5 and 7 of the mouse GAA gene. A 692 bp product indicated the wild-type allele and a 2 kb product con rmed the insertion of a neo cassette and con rmed Gaa −/− mice.
Spinal Gene Therapy for Pompe Disease GAA activity assay.
ese procedures were adapted from our prior report. 36 Spinal tissues were harvested from B6/129 mice, and Gaa −/− mice spinally injected with either AAV5-GAA or AAV5-GFP (N = 4 per group). Mice were euthanized via intraperitoneal injection of sodium pentobarbital (100 mg/kg, intraperitoneally) and en bloc spinal cord segments C 3 -C 5 and T 5 -T 8 were immediately harvested, frozen in liquid N 2 and maintained at −80 °C until biochemical analyses were performed. Brie y, tissues were homogenized in water and subjected to three freeze-thaw cycles.
Homogenates were centrifuged at 14,000 rpm for 10 minutes at 4 °C and the resulting supernatant was assayed for GAA activity by measuring cleavage of 4-methylumbelliferyl-α-D-glucopyranoside a er incubation for 1 hour at 37 °C. Protein concentration was measured using the Bio-Rad DC protein assay kit per manufacturer's instructions. Data are expressed relative to values measured in untreated GAA tissue levels (% control).
Histology and immunostaining. Qualitative assessment of spinal cord glycogen was done using the PAS method. 5, 12, 29 Gaa −/− mice (N = 5) were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneally) and then perfused through the heart with 4% paraformaldehyde in phosphate-bu ered saline. Spinal cords were then harvested and post xed overnight in the same solution. Spinal cords were embedded in para n, sectioned (10 µm), and stained with PAS as described previously. 5 In additional experiments, spinal cords were sectioned using a cryostat (40 µm), and immunohistochemical methods were used to visualize spinal GAA enzyme content. Brie y, tissues were incubated overnight (4 °C) in a 1:2,000 dilution of rabbit polyclonal GAA antibody (Covance, Emeryville, CA). Sections were then washed in phosphate-bu ered saline (3×) and then exposed to a biotin-conjugated secondary antibody (1:200 dilution) at room temperature for 2 hours. Sections were then washed in phosphatebu ered saline (3×), incubated in an avidin-biotin complex (1 hour) and then reacted with 3,3 -diaminobenzidine tetrahydrochloride (DAB) for detection via light microscopy.
Ventilation measurements. Ventilation was quanti ed using whole-body plethysmography in unrestrained and unanesthetized mice as previously described. 5 Initial experiments were conducted using Gaa −/− mice that had received spinal injection of AAV5-GAA (N = 22) or AAV5-GFP (N = 13). Data were collected at three intervals postspinal injection as follows. In AAV5-GAA treated mice, ventilation was measured at 32 ± 1, 66 ± 3, and 128 ± 6 days postinjection. In AAV5-GFP treated mice, ventilation was measured at similar intervals of 31 ± 2, 69 ± 5, and 133 ± 9 days postinjection. ese time points are subsequently designated as 1, 2, and 4 months postinjection, respectively. Additional plethysmography experiments were done in control B6/129 mice (N = 16; 277 ± 13 days of age). ese B6/129 mice were not studied at multiple time points, and were evaluated to provide a comparison to the Gaa −/− mice at 4 months post-AAV injection. To obtain the ventilation measurements, mice were placed inside a 3.5" × 5.75" Plexiglas chamber which was calibrated with known air ow and pressure signals before data collection. Data were collected in 10-s bins and the Drorbaugh and Fenn equation 49 was used to calculate respiratory volumes including tidal volume and minute ventilation. During both a 30 minutes acclimation period and subsequent 30-60 minutes baseline period mice breathed normoxic air (21% O 2 , 79% N 2 ). At the conclusion of the baseline period, the mice were exposed to a brief respiratory challenge which consisted of a 10 minutes hypercapnic exposure (7% CO 2 , balance O 2 ).
Breathing was assessed in both male and female mice, and χ 2 analyses indicated no e ect of gender on any of the respiratory parameters (P > 0.05). Accordingly, male and female ventilation data were pooled. ere was a tendency for AAV5-GAA mice to have greater body weight compared to those injected with AAV5-GFP (P = 0.067). Since body mass can in uence metabolism and ventilation, we used a Spearman-Rho nonparametric correlation test to examine the relationship between the plethysmography data and body weight. No signi cant relationships between body weight and tidal volume, minute ventilation, or respiratory frequency (i.e., breaths/ min) data were observed (all P > 0.265). Accordingly, the plethysmography data are presented as absolute values (i.e., ml) instead of dividing the respiratory volumes by body weight.
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Statistical analyses. e ventilation data were compared between AAV5-GAA and AAV5-GFP injected Gaa −/− mice using two-way analysis of variance. Comparisons to B6/129 mice were made using an unpaired t-test. GAA enzyme activity data were compared between groups using a twoway analysis of variance. Data were considered to be statistically di erent when P < 0.05.
